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SUWMAY 


In support of the Oepartment of energy's Stirling Engine Highway 
Vehicle Systems program, the NASA Lewis Research Center has installed a 
7.s-ki1owatt (10-hp) GPU-3 Stirling engine with a motoring dynamometer to 
continue to ootain data for validating Stir;ing-cycle computer simulations 
and to prepare for future component testing. The engine was originally 
built by General Motors Research Laboratories for the U.S. Army in 196S as 
part cf a 3-kilowatt engine-generator set. 

Baseline tests were run to map the engine over a range of mean 
compression-space pressures of 2.8 to 6.9 megapascals (400 to 1000 psi) and 
engine speeds of IbOO to 3500 rpm with both helium and h/drogen as the^ work- 
ing fluid. All tests were run at a heater-tube gas temperature of 677* C 
(1250* r). Maximum power obtained with hydrogen was 6.82 kilowatts 
(9.14 hp) at 6.9 megapascals (1000 psi) and 3500 rpm. The maximum p<^r 
with helium was 4.26 kilowatts (5.71 hp) at 6.9 megapascals (1000 psi) and 
2500 rpm. Tne highest brake thermal efficiencies obtained were 26.4 percent 
for hyorogen and 21.3 percent for helium. These both occurred at 6.9- 
megapascal (1000-psi) mean compress ion- space pressure and 1500-rpm engine 
speed. 

The engine output was low at high speeds as compared with that for tne 
previously reporteo low^power baseline tests that used the alternator and 
resistance load bank instead of the dynamometer. It is felt that this re- 
duced power was caused by degradation of heat exchanger effectiveness as a 
result of contamination by rust and oil. However, efficiency was higher 
tnan in the previous tests because cf tne installation of a noncontaminated 
preneater that reduced comoustion system losses. 

Indicated power results were obtained as a function of mean 
compress ion- space pressure and engine speed for both helium and hydrogen. 

The tnaximum indicated power measureo was 8.6 kilowatts (11. d tip) for 
hydrogen. 

Motoring tests were then run to aid in determining mechanical losses. 
Tests were completed over a range of mean compression-space pressures ana 
engine speeds for both helium and hydrogen as the working fluid. The re- 
sults were compared with the results of an energy-balance metnod for finding 
inecnanical losses. The energy balance yields a linear variation of mechani- 
cal losses with engine speed, but the motoring results snow a higher-order 
variation with speed. The two methods give results tnat are about the same 
at low speeds but differ significantly at nigh speeds- 

INTROOUCTION 

This work was done in support of the U.S. Department of Energy (DOE) 
Stirling Engine Highway Vehicle Systems program. The NASA Lewis Research 
Center, through interagency agreement OEAIG1-77CS51O40 with DOE, is respon- 
sible for managament of the project under the program direction of the DOE 
Office of Vehicle and Engine R&O, Conservation and Renewable Energy. 

As part of this effort Lewis is operating a 7.5-kilowatt (10-hp), 
single-cylinder, rhombic-drive Stirling engine. The engine was originally 
built by General Motors Research Laboratories for the U.S. Army in 1965 as 
part of a 3-kilowatt engine-generator set that was designated the GPU-3 
(Ground Power Unit 3). 



The GPU-3 Stirling engine test program at Lewis has three objectives: 

(1) To obtain and publish detailed engine performance data 

(^) To validate, document, and publish a NASA Lewis Stirling-cycle 
computer model 

(3) To provide a test bed for evaluating new component concepts that 
evolve from supporting Stirling engine technology activities 

After it was converted to a research configuration, the engine was tested 
with tne original alternator and a resistance load bank to absorb the engine 
output. These test results are reported in reference 1. However, the alter- 
nator ana load bank were not enable of absorbing the ful i engine output 
power. Thus following completion of these tests, the alternator was removed 
and the engihe was installed with a motoring dynamometer. This allowed test- 
ing at tne full engine output as well as running motoring tests to aid in 
oetermining mechanical losses. 

This paper presents the results of both the high-power baseline tests and 
the motoring tests. Curves of engine output and brake specific fuel consump- 
tion as functions of engine speed and mean compression-space pressure are 
given for tne high-power tests for both helium and hydrogen as the working 
fluia. These Lasts were run at a constant heater-tube gas temperature. 
Indicatea power results are shown as oetermined by three methods: by an 

energy balance, by using pressure-volume diagrams, and by summing brake power 
and mecnanical losses determined from motoring results. 

for the motoring tests the cooler-regenerator cartridges were removed, and 
a special displacer was used to limit flow through the neat-exchanger cir- 
cuit. The motoring power results are presented as a function of engine speed 
and mean compression-space pressure. Indicated gas work was also measured and 
used to correct the motoring power to arrive at an indication of the mechani- 
cal losses. Comparison is then maoe to energy-balance methods for determining 
the mecnanical losses. 

APPARATUS AND PROC£OUR£ - HIGH-POHER 3AS£LlNE TESTS 
Engine Description and background 

Tne GPU-3 Stirling engine and dynamometer test bed are shown in figure 1. 
The engine as testea is a combination of parts taken from two identical GPU-3 
units. The first of these was obtained from the U.S. Army Mobility Equipment 
Research and Development Center (MEROC) at fort Belvoir, Virginia; the second 
was obtaineo tnrough a loan from tne Smithsonian Institution. These units 
were originally 3-kilowatt engine- generator sets built by General Motors 
Research Laboratories in 1965 for the U.S. Army. They were completely self- 
contained ana capable of operating with a variety of fuels over a broad range 
of ambient conditions. The units were designed to use hydrogen as the working 
fluid. The GPU-3 engine is a single-cylinder, oisplacer engine with a rhombic 
drive and sliding rod seals. It is capable of producing a maximum engine out- 
put of approximately 7.5 Kilowatts (10 hp) with hydrogen working fluid at 
b.9 megapascals (1000 psi) mean compression-space pressure. The piston swept 
volume is 120 cubic centimeters (7.3 in^). 

The engine obtained from fort Belvoir was initially torn down and restored 
to operating condition. It was then tested as part of tne original GPU-3 with 
only those changes that were necessary to make the unit operable. Tests were 
run with both hydrogen ana helium as the working fluid at various pressures 



ana at the design heater-tube gas temperature of 677* C (1250* F) and an 
engine speed of 3000 rptn. Comparisons Mere made with data taken by the Araqr 
in 1966. These results and a description of the original GPU-3 engine compo- 
nents and systems are given in reference 2. 

The following changes were then made to convert the engine to a research 
configuration. The engine-driven accessories were removed (except for the oil 
system) with air, water, fuel, and working fluid supplied from the facility 
support systems. The original control system was replaced with manual con- 
trols. Where necessary, new parts were made, including new cooler-regenerator 
cartridges. Extensive instrumentation was added to obtain an energy balance, 
engine temperature profiles, conduction losses, working-space gas temperatures 
and dynamic pressures, and a measurement of indicated power. Finally, dimen- 
sional and voliaK measurements were completed as were steady-state flow tests 
on tne various heat exchangers. 

Baseline tests were run to map the engine over a range of heater-tube gas 
temperatures, mean compression-space pressures, and engine speeds with both 
neiium and hydrogen as the working fluid. Tests were limited to the lower 
power levels (~4.5 kw (6 hp)) because the original alternator and a resistance 
load bank were used and they were not capable of absorbing the full engine 
output power. These results are presented in reference I. The detailed data 
taken during those tests are included on microfiche as part of that report. 
Also given are the engine oimensions necessary for computer modeling as well 
as tne results of the volume measurements and steady-state flow tests. 

These data were used to make the initial direct comparisons with the Lewis 
computer simulation predictions. The simulation code is described in refer- 
ences 3 and 4. Results of the simulation comparisons witn the test data are 
given in reference 4. 


Test Setup 

Following completion of the tests described in reference 1, the exhaust 
tubes of the preheater were flow-tested to check for blockage. About 45 per- 
cent of these tubes were plugged with soot from combustion; some leakage 
between tut 2 . indicated that several of the tubes had holes burned through 
them. These findings explain the large circumferential temperature variation 
of the exhaust in these previous tests and also the low engine efficiencies 
that were measured. For the high-power tests it was decided to replace the 
preheater with the one from the Smithsonian engine. Flow tests on this pre- 
heater indicated only one tube blocked (of 560 tubes). This preheater was 
then instrumented and installed on the engine. Changes in instrumentation 
from that on tne former preheater are given in appendix A. 

Two separate crankcases were used during the high-power tests. The nylon 
timing gears failed under heavy load at the end of the helium baseline tests. 
This caused major damage to the crankcase of the Fort Belvoir engine, which 
had been used up to that time. For tne hydrogen tests the crankcase from the 
Smithsonian engine was installed. 

A schematic diagram of the 6PU-3 test setup is snown in figure 2. 

Facility support systems shown include fuel, air, cooling water, oil, and 
working fluid. Also shown is tne dynamomete. for absorbing engine output. 
This schematic was updated from tnat given in reference 1. Numbers by the 
instrumentation symbols refer to instrumentation item numbers given in table 
III of reference 1. Only cnanges to the test setup from the previous tests 
are discussed here. A summary of changes to instrumentation in the support 
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systems is 1nc1ude<^ in appendix A. For further details of tne test setup see 
reference 1. The fuel, nozzle air, and combustion air systems were not 
changed. 

A tank and pump were installed to supply tne desired water flow rate to 
the engine's three cooling paths (buffer space, coolers, and nozzle). The 
water was not recirculated and its inlet temperature was not controlled. The 
inlet temperature was established by the temperature of the city water supply- 
ing the tanx. The measurements of total water flow rate and temperature rise 
between outlet and inlet for the total flow were eliminated as it was found 
that the measurements In tne individual water circuits were accurate and 
sufficient. To improve reliability, the thermopiles for measuring temperature 
rise in these individual circuits were replaced with aT probes with just one 
thermocouple per leg. Tne voltage signal representing the temperature rise 
was then amplified and recorde<^. 

For tne oil system the thermopile for measuring temperature rise was re- 
placed with a aT probe (the same as the one descried above for water). 

Pressure transducers were added to tne pressurization system to measure 
minimum cycle pressure in the compression and buffer spaces. The transducers 
were installed between checx valves at the engine and needie valves in the 
pressurization lines, as shown in figure Z. These sections of line tend to 
trap their respective minimum pressures because of the one-way action of tne 
check valves. Also, connections were maoe to the vent lines to allow taking 
working-fluid samples for later analysis. 

The original GPU-3 alternator and resistance load bank were replaced by a 
universal dynamometer to absorb the engine output. This dynamometer is cap- 
able of 50 np absorbing and IS hp motoring and thus can absorb the full engine 
output. The alternator limited the previous tests to a maximum output of 
about 4.5 Kilowatts (6 hp). 

Two changes were made to improve the measurement of indicated power. 
Hater-cooleo adapters were installed for tne expans ion- space and compression- 
space miniature pressure transducers. These were added to minimize the trans- 
ducers' zero shift and sensitivity change with temperature. Also, the shaft 
encoder was referenced to displacer top dead center (TOC = zero degrees shaft 
angle) by setting at the midstroke positions (90* before and after TOC) 
instead of at TOC. This method should be more accurate because of the much 
greater piston displacement per degree of crank travel at tne 90* points than 
at TOC. 

Finally, new modules were added to tne recording system for the indicated 
work and dynamic pressure measurements. This updated system is shown in fig- 
ure 3. Tne new modules are the indicated mean effective pressure (IMEP) mod- 
ules for the compression, expansion, and buffer spaces; the two peak detector 
modules; and the two event detector modules. The IHEP modules are similar to 
that for the total IHEP measurement (compression-space pressure as a function 
of total working-space volume) described in reference 1. Each : vnerically 
integrates the associated pressure-volume diagram to obtain tne work in terms 
of the IHEP. The value of IHEP calculated and displayed is an average value 
Obtained over 100 engine cycles. The peak detector modules are used to find 
the maximum and minimum value of pressure for the miniature pressure trans- 
ducers in the expansion, compression, and buffer spaces. The event modules 
determine tne crank angle relative to displacer TOC at which the maximum and 
minimum values occur. Tne pressure signal that is input to these last four 
•nodules is determined by the selector switch shown in the middle of figure 3. 
References 5 and 6 provide more information on this type of instrumentation 
syster*. 
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Tne maxinuia and nlniaMM values recorded from tne peak detectors are 
snifted soneMhat as a result of teoperature effects on tne transducers 
(altnough the water-cooled adapters ainimized this effect}. The true values 
for the conpression and buffer pressures were found by using the pressure dif- 
ference froM the peak detectors alohg with the lalnlmM values oeasured behind 
the check valves In the pressurization syste«. For the expansion pressure, 
only the difference between the oax1«M and ffllnlaum values could be deteralned. 

The GPU-3 test setup Is shown In figure 4. Recording systeos and signal- 
conditioning equipment are shown on the left, with the ehgine and dynamometer 
on the right. Steady-state data were recorded ahd printed out on a data 
logger. Dynamic data were taken with both an oscillograph recorder and an 
oscilloscope. 


Test Procedure 

The desired test matrix range for both the helium and hydrogen runs 
included mean compression-space pressures of 2.8 to 6.9 megapascals (400 to 
1000 psi) ana engine sp^ds of 1500 to 3500 rpm. The heater-tube gas tempera- 
ture ana cooling-water Inlet temperature were not varied for these tests. The 
heater-cuoe gas temperature was measured with theraocouple probes Installed 
inside three of the 40 neater tubes and spaced circumferentially around the 
heater head. The^maximum reading of these three thermocouples was manually 
controlled to 677* C (1250* F) by adjusting the fuel flow with a needle 
valve. The cooling-water inlet temperature was not controlled and varied from 
19* to 21* C (66* to 70* F) over the series of tests. 

On each engine startup, cooling-water flow was first provided to the 
engine and the mean compression-space pressure was set at approximately 
2.1 megapascals (300 psi). Combustion was then started with no. 1 diesel 
fuel (lower heating value, 18 590 6tu/lb) from the startup fuel tank. As the 
heater- tube gas t^erature approached 540* C (1000* F) the engine was started 
rotating by motoring with the dynamometer. Engine warmup conditions were then 
set to 2.8-megapascal (400-psi) mean compression- space pressure, 677* C 
(1250* F) heater-tube gas temperature, and 2000-rpm engine speed. When the 
engine temperatures were sufficient to sustain operation, the dynamometer 
motor was shut off. The engine was stabilized at the reference condition 
listed above to allow it to reach operating temperatures. About 30 minutes of 
warmup time was necessary. 

Generally, one curve at constant mean compression-space pressure, heater- 
tube gas temperature, and cooling-water flow was run after each ehgine start- 
up. Tne curve consisted of data points taken at engine speeds varying by 
500-rpm intervals, with the highest speed set first. At each point the speed 
was set by adjusting the speed control on the dynamometer. The combustion 
airflow was set to maintain an air-fuel ratio of about 35 to 1. After the 
desired conditions were reached, the fuel run tank was valved to the engine. 
Tnese conaitions were then maintained for 15 minutes. All steady-state data 
were recorded three times and dynamic data once during this period. The 
startup fue^ tank was then again valved to the engine, and the next data point 
established. The fuel flow was determined from the initial and final weights 
of the fuel run tank. This procedure was repeated for each data point. 

RESULTS AND DISCUSSION - HIGH-POWER BASELINE TESTS 

The results of the hign-power baseline tests are presented in figures 5 to 
Tnese figures are summarized as follows: 
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The influence of mean comression-space pressure and engine speed on 
engine output and brake specific fuel consuoption (bsfc) is shown In figures 5 
and 6. The engine data obtained with the dynamometer are compared with previ- 
ous engine data obtained with the alternator in figure 7. The differences 
indicated by this c(^arison are explained with the aid of figures 8 to 12. 
Figures 13 and 14 give examples of energy balances obtained on the engine. 
Finally, indicated power results as a function of mean congress ion-space pres- 
sure and engine speed are shown in figures 15 and 16. The detailed data taken 
during these tests are not included as part of this report but are available 
from the author. A san^ile data point to Indicate what Is available is given 
in appendix A. 


Engine Performance with Helium and Hydrogen 

Figure 5 illustrates the effect of engine speed and mean compression-space 
pressure on engine performance with hellun working fluid. The smne is shown 
in figure 6 for hydrogen working fluid. The heater-tube gas temperature was 
677* C (1250* F), and the average cooling-water inlet temperature was 20* C 
(68* F) for both series of te.'ts. Of the three steady-state data scans taken 
at eacn operating condition, two were reduced and plotted. When both scans 
gave approximately the same results, only one syn4>ol was plotted for that 
condition. 

An extra point at an engine speed of 10(X) rpm and a mean compression-space 
pressure of 2.8 megapascals (400 psi) with helium working fluid was added to 
tne planned test matrix. Also, several points at the low pressures and hign 
engine speeds could not be run. This was due to the engine output being in- 
adequate at those conditions for the engine-dynamometer system to sustain 
operation. 

The maximum engine output with helium working fluid was 4.26 kilowatts 
(5.71 hp) at a mean compression-space pressure of 6.9 megapascals (1000 psi) 
and an engine speed of 2500 rpm. The lowest bsfc was 390 g/kW-hr 
(0.64 lo/hp-hr) at 6.9 megapascals (1000 psi) and 1500 rpm. This corresponds 
to a brake thermal efficiency of 21.3 percent. 

With hydrogen working fluid the maximum power obtained was 6.82 kilowatt: 
(9.14 hp) at 6.9 megapascals (1000 psi) and 3500 rpm. The minimum bsfc was 
315 g/kW-hr (0.52 lo/hp-hr) at 6.9 megapascals (1000 psi) and 1500 rpm. This 
corresponds to a brake thermal efficiency of 26.4 percent. This efficiency is 
in the same range as that obtained by General Motors (ref. 7). 

In addition to the fact that both the engine output and efficiency are 
greater with hydrogen working fluid than with helium, the figures show that 
the engine output tends to peak at a higher speed with hydrogen. The increase 
in bsfc is also mucn less at the higher speeds with hydrogen than with 
nelium. These results are indications of the lower flow losses through the 
heat exchangers when using hyorogen as the working fluid. This effect has 
been substantiated by computer simulation predictions. 

Cotnparison of Engine Output witn Previous Data Obtained with tne Alternator 

Figure 7 shows a conyiarison of the engine output with data obtained previ- 
ously in the low-power baseline tests that used the original GPU-3 alternator 
and a resistance load bank to absorb the output. Reference 1 describes the 
low-power baseline tests in detail. The hot- and cold-end temperatures were 
not identical for these two series of tests. For the nigh-power dynamometer 
tests the heater-tube gas temperature was 677* C (1250* F) and the cooling- 
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water inlet temperature was ^0* C (68* F). For the low- power alternator tests 
the heater-tube gas tai^)erature was 650* C (1200* FJ and the cooling-water 
inlet temperature was in the range 13* to 15* C (56 to 59* F). However, as 
both temperatures were higher for the dynamometer tests, the effects of the 
two should somewhat offset each other. 

with the exception of one point at 4.1 megapascals (600 psi) hydrogen data 
from the low-power alternator tests were limited by the allowable alternator 
current to curves for 1.4 and 2.8 megapascals (200 and 400 psi). As data were 
taken for pressures of 2.8 megapascals (400 psi) and higher for the high-power 
dynamometer tests, comparison could only be made at 2.8 megapascals (400 psi) 
for hydrogen as the working fluid. Also, some of the previous helium tests 
were limited by the alternator to high speeds, particularly for high presr- 
sures; therefore comparisons again are incomplete. 

The engine power outputs from the two series of tests were about the same 
for the lower part of the speed range (with the exception of the 2.3-mega- 
pascal (400-psi) curves for helium). However, there are large discrepancies 
at tne higher speeds. Thus the variation in output appears to be related pri- 
marily to speed. 

Increasing pressure drop through the heat exchangers could cause this type 
of effect. Figure 8 shows the set of eight cooler- regenerator cartridges as 
well as three of the end caps that connect the coolers to the compression 
space. In areas where the working fluid is present - around the regenerator 
can, at the outlet of cooler tubes, and around the end cap - there were sig- 
nificant deposits of what was analyzed to be a combination of oil and rust. 
Rust occurs during teardowns when the engine parts are exposed to the atmos- 
phere. Also, rusting may take place wnen the assembled engine is left un- 
pressurized as a result of severe engine leaks. The engine was cleaned before 
eacn rpissemoly, but obviously some of the rust was not removed. The oil con- 
tamination was from oil pumped past the sliding shaft seals during engine 
operation. 

Steady-state flow tests were run on the various heat exchangers to measure 
the pressure drop. Air at 793-ki lopascal (115-psi) inlet pressure was used 
for the calioration, with pressure drop as a function of mass flow rate being 
recorded. Mass flow rates were chosen to give about the same range of 
Reynolds number as actually occurs in the engine. This range was predicted by 
the Stirling simulation computer program. For further explanation of steady- 
state flow tests on the heat exchangers, see reference 1. 

Figure 9 shows pressure drop as a function of flow rate for the heater 
head assembly after the high-power tests with the dynamometer and after the 
low-power tests with the alternator. This includes flow through all the heat 
exchangers - coolers, regenerators, and heater. The mass flow ites through 
the heater nead assembly are eight times the flow rates shown in the next two 
figures for the individual cooler-regenerator cartridges. This is due to the 
eight cooler-regenerator paths in the heater head. The test for the heater 
nead assembly was made for flow in both directions. The pressure drop has 
increased by about 10 percent over most of the flow range for the latest flow 
tests. 

Throughout the GPU testing three of the cooler-regenerator cartridges were 
flow tested at various intervals. Figure 10 gives flow test results for these 
three when they were new, after 80 hours of engine testing (after tne low- 
power tests with the alternator), and after 191 hours of engine testing (after 
tne high-power tests with the dynamometer). 

The pressure drops through the cartridges have been increasing throughout 
me testing except for one of the cartridges between 80 and 191 hours. Also, 
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the spread from the least pressure drop to the greatest pressure drop has 
increased by a large amount. 

The range of pressure drops for all eight cooler-regenerators following 
tne high-power test with the dynaoK)meter is shown in figure 11. At the maxi- 
mum flow rate tested, 18 g/sec (0.04 1b/ sec), the pressure drop ranged from 
about 234 to 421 kilopascals (34 to 61 psi). This compares with a range of 
165 to 196 kilopascals (24 to 28.5 psi) when the cartridges were new. The 
large spread for the cartridges after 191 hours of testing indicates that 
there was poor distribution of flow through the eight cooler-regenerator cir- 
cuits during these engine tests. 

The difference in pressure drop through the heater head assembly shown in 
figure 9 does not appear to be large enough to solely account for the differ- 
ences in engine output at high speeds. This is substantiated by the NASA 
Lewis Stirling cycle computer program. However, what effect the contamination 
of the heater head had on heat transfer in the heat exchangers is not known. 
Figure 8 shows deposits on the water side of the cooler tubes, so this would 
also have adversely affected the heat transfer. Estimates of new heat trans- 
fer coefficients for the heat exchangers would have to be made to further 
analyze the differences. 

Two other areas whose effects were included in figures 5 and 6 were 
investigated in attempting to determine the reasons for the decrease in engine 
output. The first concerned the accuracy of the torque measurement. To check 
this, a torquemeter and a 7.5-ki1owatt (10-hp) electric motor were used to 
calibrate the dynamometer system. The torquemeter was calibrated and then 
installed between the electric motor and the dynamometer (after the engine was 
removed from the test stand). Tests were run over a range of loads for each 
speed with the load cell torque reading for the dynamometer system being com- 
pared with that from the torquemeter. After analyzing the results, it was 
decided to add a constant value of 0.6 Ib-ft to each value of torque as mea- 
sured by the load cell. 

The second area investigated related to check valve losses. Prior to the 
start of the high-power tests with the dynamometer, new check valves were 
installed in the vent lines of the buffer and compression spaces. These two 
lines are tied together and vented through a single needle valve. A pressure 
transducer was installed in the common line to determine if these check valves 
were working properly. Typical pressure traces obtained are shown in figure 
12 for three speeds. Large oscillations are shown at the higher speeds, with 
little or none at tne lower. These oscillations indicated that the check 
valves were opening at the higher speeds and thus allowing direct communica- 
tion between tne buffer and compression spaces. An attempt was made to deter- 
mine this effect on the engine output at 3000 rpm by installing a needle valve 
in trie line between the two check valves. A data point was taken with the 
valve open and closed, but no difference in engine output was detected. 
Consequently, the tests were concluded with these check valves in place. 

However, motoring tests were run following the high-power baseline tests. 
These motoring tests, with fewer operating constraints and control restric- 
tions to mask the results, gave the capability for determining the magnitude 
of the losses that were not detected during the engine tests. The motoring 
tests are described elsewhere in this report. Tests were run at various 
speeds and pressures with hydrogen and helium and with the needle valve in the 
vent line open and then closed. The losses were primarily a function of 
speed. It was decided to use the following correction factors: 
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speed, 

rpin 

IbUO, 2000 
2500, 3000 
3500 


Correction, 
kW (hp) 

0 ( 0 ) 

.10 (0.13) 
.34 (0.46) 


These values were added tu the measured engine power outputs. Note that the 
correction is only significant at 3500 rpm. 

Thus the results given in figures 5 and 6 have been corrected for both 
factors: the torque measurement correction and the correction due to losses 
associated with the check valves. The latter correction was applicable to 
only the three highest pressure curves for hydrogen and for the 4.1-megapascal 
(600-psi), 3000-rpm point for helium. All otner data were run with the ne<>dle 
valve in the vent lines closed to minimize the losses. 

Energy-Balance Results 

Energy balances obtained on the engine during these tests and during the 
low-power tests with the alternator are compared in figure 13 with hydrogen as 
the working fluid. A common point of 2. 8-megapascal (400-psi) mean 
coii 4 >ression~space pressure and i508-rpm engine speed is used. The hot- and 
cold-end temperatures are son^hwat different, but the effects of these differ- 
ences should tend to offset each other. 

Although the engine output is about the same for each, the efficiency 
increased froT 14.9 percent for the alternator test to 19.3 percent for these 
dynanometer tests. The main reason for this efficiency increase was the lower 
exhaust losses. The exhaust losses were substantially decreased by changing 
preheaters and by lowering the air-fuel ratio. The air-fuel ratio was de- 
creased from 49 for this particular point of the alternator tests to about 35 
for the dynamon«ter tests. Also, as described in the Test Setup section the 
former preheater had almost one-half of the exhaust tubes plugged and holes 
ourned tnrough some of the tubes. It was replaced with the preheater of the 
engine obtained from the Smithsonian Institution. 

The heat losses to tne oil and buffer water; <^he cycle heat rejection 
(defined as the heat loss to the water passing through the coolers minus the 
conduction losses); and the conduction, radiation and convection, and nozzle 
water losses are essentially the same for both cases. However, they have 
increased as a percentage of the heat input for the dynamometer tests because 
of the lower heat input resulting from the lower exhaust losses. 

The efficiency gain was obtained at most of the data points that could be 
compared with the previous low-power alternator test results. Thus the in- 
crease in combustion system efficiency (lower exhaust losses) more than offset 
the decrease in thermodynamic cycle efficiency (contaminated regenerators and 
coolers). 

Figure 14 compares energy balances for helium and hydrogen working fluids 
at 6.9-megapascal (1000-psi) pressure and 1508-rpm engine speed. This was the 
maximum efficiency point for each working fluid during the dynamometer tests. 

Note tnat the maximum efficiency was 21.3 percent for helium and 26.4 per- 
cent for hydrogen. Differences in efficiency and engine output between the 
two working fluids are not as significant at the lower speeds as at the higher 
speeds. At the maximum speed of 3500 rpm for 6.9-megapascal (1000-psi) pres- 
sure the respective efficiencies were 8.6 percent for helium and 19.8 percent 
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for hydrogen. Again, tnis larger difference Is primarily due to the higher 
flow losses with helium. 

Tne power In from the fuel was approximately the same for each point 
shown: 15.8 kilowatts (21.1 hp) for hydrogen and 15.4 kilowatts (20.7 hp) for 

helium. Also, the exhaust losses as well as the conduction, radiation and 
convection, and nozzle water losses were about the same; therefore the heat 
Into the working fluid was approximately equal for each point. The energy 
balances Indicate then that the Increase In efficiency with hydrogen comes 
from an Increase In engine output due to decreasing cycle heat rejection and 
heat losses to tha oil and buffer water. The heat loss to the oil and buffer 
water can be taken as an Indication of the engine mechanical losses. The 
mechanical losses are lower with hydrogen working fluid than with helium 
because of the lower gas work losses In the buffer space for hydrogen. 

Indicated Power Results 

Figures 15 and 16 give Indicated power results as computed by several 
rethods. The measurement cf Indicated power Is useful for direct comparison 
with engine output as determined by most computer simulations and also for 
Isolating the Stirling-cycle effects on engine output. 

Figure 15 shows Indicated power as a function of engine speed and mean 
compress Ion- space pressure for both helium and nyoroger working fluids. It 
compares Indicated power obtained from energy balances with that obtained from 
pressure-volume (p-v) diagrams. The hot- and cold-end temperatures were the 
same as shown In figures 5 and 6. 

The energy-balance results assume that the heat losses to the oil and 
buffer water represent the engine mechanical losses. These are then added to 
the engine brake output to get the Indicated power. The p-v diagram results 
were obtalnea from separate p-v diagrams for tne expansion and compression 
spaces. Tne power from the compression-space diagram Is subtracted from that 
of the expansion-space diagram to get the Indicated power. The Instrumenta- 
tion system to obtain these p-v diagrams Is described In reference 1 and In 
the Test Setup section of this report. 

The two methods compare well for hydrogen working fluid. The p-v results 
are lower at low speeds and higher at nigh speeds than in tne energy-balance 
results. This trend was generally true for the results for both hydrogen and 
helium from the tests reported In reference 1. Only several preliminary p-v 
diagrams were shown In that reference because of Inadequacies In the p-v mea- 
surement system; this was mainly aue to the lack of water cool’ng on the 
pressure transducers, which could have resulted in a sensitivity shift with 
temperature. Thus although approximately the same trend was obtained, the 
results were less consistent in the earlier tests. 

For nelium the p-v diagrams gave results that were higher at all points 
than were those for the energy-balance method. As this trend is not con- 
sistent with previous data (even with helium) and as the energy-balance 
results agree with expected values, these helium p-v results appear to be 
questionable. 

Considering all p-v results from both alternator and dynamometer testing, 
tne hydrogen data are more consistent In their trends and comparisons than are 
tne helium data. This may Indicate a response problem with the helium pres- 
sure measurements although calculations show that tne response times should be 
adequate. The main concern Is in the expansion-space pressure measu'^ement 
where the transducer is located at the end of a 15. 2-centimeter (b-in)-long 
tube. The compression-space transducer Is approximately flush-mounted. 


10 



The maximum Indicated power for hydrogen Is 8.6 kilowatts (11.5 hp) at 
6.9-megapascal (1000-psl) mean compression-space pressure and 3500-rpm engine 
speed. Indicated power results for 6.9-megapasca1 (1000-psl) helium appeared 
to be In error and are not reported. The Indicated power curves tend to peak 
out at slightly higher speeds than do the brake power curves. This Is ex- 
pected as the mechanical losses Increase with speed. 

Figure 16 compares p-v Indicated power results for hydrogen both from two 
p-v diagrams and from one p-v diagram. The use of two diagrams Is as stated 
previously (expansion-space work minus compression-space work), and these 
results are the same as those shown In figure 15. The Indicated power can 
also be approximated with one diagram by using any pressure In the working 
space (compression-space pressure Is used In these tests) versus the total 
change In working-space volume. 

The results Indicate that the use of one diagram gives a somewhat higher 
answer than does the use of two diagrams. This has been consistent for most 
testing and particularly with hydrogen. There are problems associated with 
either method. The two-diagram method Involves finding a small answer by 
taking the difference between two large numbers, each of which has measurement 
errors Involved. The one-diagram method neglects the full effect of pressure 
drop through the heat exchangers as only one pressure Is used. On the basis 
of all data taken to this time, thy use of separate p-v diagrams In the expan- 
sion and compression spaces appea«'s to give the more accurate results. 

APPARATUS AND PROCEDURE - MOTORING TESTS 
Test Setup 

Motoring tests were run to aid In determining engine mechanical losses, 
wnich can be added to the brake power to get the engine Indicated power. 
Several other methods, in addition to motoring, are also used to determine the 
mechanical losse<: and indicated power; thus each can be compared with the 
others to evaluate the results. The other methods use energy-balance data to 
determine mechanical losses (heat to the oil and buffer-space cooling water) 
and direct measurement of the indicated power with pressure-volume diagrams. 

Motoring a Stirling engine to determine Its mechanical losses cannot be 
effectively accomplished by driving the engine in its normal configuration. 

To properly motor, the displacer piston must be replaced with a piston of the 
same weight but causing negligiole pumping, for these tests a solid displacer 
piston was made with six holes drilled through the piston to allow direct flow 
between the compression and expansion spaces and to eliminate flow through the 
heat exchangers. The weight was made Identical to that of the normal hollow 
stainless-steel displacer by fabricating this piston from a combination of 
aluminum and magnesium. As the motoring tests were run cold (no combustion 
occurring), these materials did not need to be heat resistant. The holes 
drilled through the displacer had a diameter of 0.95 centimeter (0.375 In.) 
and were sized to give a flow area about 1.5 times the heater-tube flow area. 
The piston rings were installed in the same ma'^ner as for the standard dis- 
placer. The displacer piston for motoring is shown in figure 17. 

A further problem with motoring Is the different loads on the bearings, 
seals, and piston rings as compared with engine operation because of the dif- 
ference in pressure variations. This effect was reduced by changing the vol- 
ume of the working space to give approximately the same pressure ratio during 
motoring as occurs in normal engine operation. The eight cooler-regenerator 
cartridges werp removed and replaced with plugs to eliminate a substantial 
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mount of volume. As the temperature effec' on pressure ratio are minimal 
during motoring, an estimated pressure ratio could be calculated from the 
known volumes. The actual pressure ratios were measured during the motoring 
tests. Those results are given in the Results and Discussion section. One of 
the plugs that replaced a cooler-regenerator cartridge is also shown in fig- 
ure 17. As no combustion was necessary for these tests, the preheater was 
removed from tho engine. 

The facility setup was the same as i** figure 2 with the following 
cnanges. The air and fuel systems and the nozzle water lines were dis- 
connected. The turbine flowmeter in the cooler water line was replaced with a 
flowmeter of less range as the flow was reduced because of the plugs ir. the 
cooler passages. A small water flow was circulated around the plugs and 
around the cylinder cooling passage to reduce the temperature variations of 
the working fluid during motor ng. 

A second set of nylon timinj gears failed at the end of the hydrogen base- 
line tests. For the moto>^ing tests these were replaced with a set of aluminum 
timing gears. Also, a coupling with greater torsional flexibility was in- 
stalled between the engine and dynamometer to aid in reducing the effect of 
torque reversal on the timing gears. 

Test Procedure 

The motoring test matrix for both heiium and hydrogen working fluids con- 
sisted of mean compression- space pressures from 1.4 to 6.9 megapascals (200 to 
1000 psi) and engine speeds from 1500 to 3500 rpm. 

On each startup, cooling-water flow was first provided to the buffer and 
cooler circuits. Cooling-water inlet tefl^>erature was not controlled and 
varied from 4’ to 8“ C (40” to 47" F) for these tests. Approximately 2.8- 
megapascal (400-psi) mean compression-space pressure was set in the engine, 
and the engine was then rotated by motoring with the dynamometer. Motoring 
conditions were maintained at 2.8-megapascal (40(Kpsi) pressure and 2000^rpm 
engine speed until the oil temperature reached 38* to 41* C (100* to 105* F). 
This took about 30 minutes. Oil temperature was not controlled during these 
tests; variations in oil temperature were similar to tnose in normal engine 
operation. 

Following engine warmup, one or two curves at constant mean compression- 
space pressure were run for eaci engine startup. A curve consisted of data 
points taken at engine speeds varying by 500-rpm intervals, with the highest 
speed set first. The speed was set by adjusting the speed control on the 
aynamometer. After the desired conditions were established, the data point 
was neld for about 10 minutes. During this time steady-state data was 
recorded three times and dynamic data once. After completing this, a new 
speed was set and the procedure repeated. 

RESULTS AND DISCUSSION - MOTORING TESTS 

The figures presenting the motoring refults are summarized as follows: 

The measured motoring power is given in figure 18 as a function of speed and 
pressure. Figure 19 compares mechanical losses (as found by energy balances) 
for both the motoring tests and the engine tests to verify that both results 
are about the same. Figures 20 and 21 illustrate the correction of the motor- 
ino power by subtracting the indicated work of the working fluid. The mech- 
anical losses as determined by this correction are then compared with energy- 
balance results in figures 22 and 23. 
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The plotted points in figures IB to 23 are avera^s of all data taken for 
a pirticular condition. Each curve Mith heliun working fluid was run twice. 
For hydrogen working fluid, only the b.9-«egapascal (1000-psi) curve was re- 
peated before the displacer piston failed and the notoring tests were ended. 
Sotne difficulty was found in obtaining repeatable data. As the reason for 
this was not detemined. it was decided to average all acceptable data for a 
given point. The average difference between the results for running a data 
point several tines was about 10 percent. 

Determination of Mechanical Losses fron Motoring Results 

Figure 18 shows the motoring power as a function of mean compression-space 
pressure and engine speed for helium and hydrogen working fluids. The motor- 
ing power is the powo’' needed to drive the engine with the dynamometer motor 
at the desired engine speed and mean compression-space pressure. The motoring 
povier was determined from the dynamometer load cell reading. The slopes of 
the curves are increasing with engine speed, indicating a more than linear 
variation with speed. Also, note the large values of motoring power that were 
measured. At maximum pressure and speed the motoring power was 3.5 kilowatts 
(4.7 np) for hydrogen working fluid and 4.5 kilowatts (6.0 hp) for helium. 

This difference also shows that a greater motoring power was required with 
helium working fluid than with hydrogen at any given condition. 

A comparison was made with engine test data to determine if the mechanical 
losses for motoring were approximately the same as during engine testing. 

This was done on the basis of mechanical losses as measured from the energy 
balance (heat to oil plus heat to buffer-space cooling water). Figure 19 
shows this comparison for two pressure levels for both helium and hydrogen 
working fluids. The curves for engine test results are an average for runs 
from testing witn the alternator and with the dynamometer. The figure indi- 
cates tnat the results are about the same, with the motoring values being 
somewhat less than the engine values for higher pressures. This may be due to 
less heat conduction to the buffer-space cooling water during motoring tests 
as the cold-end metal temperatures were lower for the motoring tests than for 
engine tests. 

Measurements of the indicated work of the working fluid were made during 
the motoring tests through the use of pressure-volume diagrams. The work was 
determined by two methods. The first was to use separate p-v diagrams in the 
expansion and compresson spaces with tne total work being the difference 
be. ween expansion work and compression work. This gave negative values of 
worK, as is expected as work is being done on the gas. Tne other method was 
to use just one p-v diagram, that being the compression-space pressure as a 
function of the total volume change of the working space. This also gave 
negative values as expected. 

The work determined from the one p-v diagram was more consistent than tnat 
found from two diagrams. It is probable that the error involved in subtract- 
ing two large numbers (as in expansion work minus compression work), each of 
which has a certain error, becomes excessive when determining the small values 
of gas work involved in motoring. The one-diagram method does not properly 
account for pressure drop losses in the working space, and these errors appear 
to be i:nportant for engine testing. However, for motoring the pressure drop 
losses are small as a result of removing the cooler-regenerators and using the 
displacer with holes. Thus it was decided for the motoring tests that the 
indicated gas work is best determined from one p-v diagram. 

Figure 20 gives indicated work results measured by the one-diagram 
method. These results are plotted as a function of mean coiT^ressi on-space 
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pressure and engine speed for both hellua and hydrogen tiorklng fluids. Note 
that the values for helium ^re significantly higher than those for hydrogen. 
These indicated Mork results represent losses in the iiorking fluid due to flow 
losses, irreversibilities, and leakage between the compression and buffer 
spaces; these losses should no' be charged against the mechanical losses for 
the engine. Thus a first-order attempt to separate these can be maue by sub- 
tracting the working-f luid ind'cated power from the total motoring power. 

Buffer-space qas work was also measured, but any losses occurring in the 
buffer space, including gas work, are lumped in with the mechanical losses. 

Figure 21 shows the meciianical losses as determined by subtracting the 
working-fluid indicated power from the total motoring power. Overall the 
results remain reasonable in terms of increasing mechanical losses with in- 
creasing pressure and speed. However, the spacing between the curves is 
varied; this is probably due to the errors involved in the seve~al measure- 
ments necessary to obtain the final number. Note that the results shown in 
figure 21 are similar in value at a given point for ooth helium and hydrogen. 
Some oifference would be expected due to the higher gas work losses in the 
buffer space for helium as compared with hyorogen. However, this difference 
is small and may be lost in the measurement error. 

Comparison of Mechanical Losses by Motot ing and Energy-Balance Results 

A comparison was made of the mechanical losses as found from energy- 
balance and motoring results. These are shown in figures 22 and 23 for helium 
and hydrogen working fluids, respectively. Tne energy-balance results are 
determined by adding the neat to tne oil and tne heat to tne buffer-space 
cooling water. The curves shown are an average of those obtained for low- 
power oaseline tests with tne alternator and high-power baseline tests with 
the dynamometer. The motoring results are the same as those given in fig- 
ure 21. They were determined by subtracting the working-fluid indicated power 
during motoring from the total motoring power. 

For both helium ana hydrogen the two methods give results that are about 
tr.e same at the lower speeds, but the motoring results are significantly 
higher at the high speeds. Also, the energy balance gives results that wary 
linearly with speed, while the motoring results yield a higher-crder curve. 

There are deficiencies in each (netnoa. For the energy balance che heat to 
tne buffer-space cooling water may include some conduction losses, which 
Should not be cnargec against the mechanical losses. Also, the heat to the 
engine coolers includes some friction losses from the piston rings and dis- 
placer roa seal. These snould be included in the estimate of mechanical 
losses but are not. The motoring tests have the problem of different loads on 
tne bearings, piston rings, and snaft seals when compared with engine tests, 
as well as the problem of sorting out the gas work losses. 

To minimize the differences in loading during the motoring tests, the vol- 
ume of the working space was changed by removing the cooler-regenerators and 
by adding the vclume of the holes in the displacer to give about the same 
pressure ratio during motoring as in engine operation. These changes are 
described in the Test Setup section. Figure 24 compares pressure traces for 
the coinpression and buffer spaces from motoring and engine tests. The traces 
are for a mean compression-space pressure of 6.5# ''egapascals (1000 psi), an 
engine speed of 3000 rpm, and helium working fluid. 

The compresssion-space pressure ratio (maximum pressure/minimum pressure) 
was for the engine tests and 1.96 for motoring. However, there was a 
difference in the phasing. The maximum pressure occurred about 17* later for 
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the engine tests than for notoring; the ainiauB pressure occurred about 31* 
later for the engine tests. The buffer>space pressure ratio was 1.47 for 
engine tests and 1.44 for aotoring. The phasing was approxiaately the saae 
for the buffer space. Tne buffer- space aean pressures are at different 
levels. This is a function of the p«Mping of the piston rings and does vary 
soaewnat as the slots in the piston rims and the piston ring grooves becoae 
uirty, usually with a coabination of oil and rust particles. The piston rings 
are cleaned or new rings installed wnen the aean buffer- space pressure becoaes 
excessively high with respect to the aean coapression-space pressure. 

The pressure traces with h^rogen working fluid are the saae except that 
tne pressure ratios are slightly lower. This is shown in figure 25, which 
coheres coapression-space and buffer-space pressure traces for neliua and 
hydrogen engine results. Again, the aean co«(>i'ession-space pressure is 
6.9 aegapascals (1000 psi), and the engine speed is 3000 rpa. The phasing is 
aoout the saae for each working fluid, but the coapress' on- space pressure 
ratio for nydrogen is 1.88 and that for heliua is 1.99. The buffer-space 
pressure ratios are 1.38 fo« nydrogen and 1.47 for heliua. The aean buffer- 
space pressures are again soaewnat different. 

The aechanical losses can be used to determine indicated power by summing 
the brake power and mechanical losses. Thus a further check on both methods 
of determining the mechanical losses is to compare the indicated power found 
by using the mechanical losses to that found directly from pressure-volume 
(p-v) diagrams. Figure 15 gives this o.mparison for the energy-balance re- 
sults; the energy-balance results are determined by sunning brake power, heat 
to the oil, and heat to the buffer-space cooling water. The figure shows that 
tne indicated power by p-v diagrams is higher at high speeds and either close 
to or less than the energy-balance results at low speeds. This saae trend is 
shown in figures 21 and 22, where the motoring-determined mechanical losses 
are greater at the hign speeds than the mechanical losses determined from an 
energy balance and aoout the same or less at the low speeds. 

The indicated power found from the brake power and the mechanical losses 
determined from the motoring results are compared in figure 26 with the indi- 
cated power found from o-v diagrams. The comparison is shown for hydrogen 
only. These curves are more similar in shape tnan were tne curves compared in 
figure 15. However, the differential between the curves is generally greater 
than in figure 15. Thus the experimental data dc not indicate whicn method of 
determining mechanical losses is more correct particularly when noting that 
some problems also remain in providing fully reliable pressure-volume diagrams 
for these comparisons. 

with respect to measuring indicated power the three methods (p-v diag. urns, 
summing brake power and mechanical losses from energy balances, and summing 
brake power and mechanical losses from motoring results) give results that are 
all within a reasonable experimental band but rone of which can be identified 
as the most correct. 


CONCLUDING REMARKS 

Tne efforts to complete the full-power baseline tests were met with numer- 
ous engine and facility problems. These data are less reliable than the data 
taken in the low-pcwer baseline tests and published in reference 1. It is 
felt that the primary reason for the differences in engine performance between 
these tests and tne tests reported in reference 1 was poor heat exchanger per- 
formance, particularly tne regenerator. However, it may be possible to obtain 
correlation through the use of a computer simulation if the proper adjustments 
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for both Increased flow losses and reduced heat transfer could be aade. Even 
without tris, the lot»-speed data should be reasonable as the effects of de- 
graded leat exchanger performance are less at the lower speeds. 

Because of the reduced engine output the deta'led test data have not been 
included as part of this report. However, the data are available in computer 
printout form from the author. A sample data point is included in the 
appendixes to snow what is available. The chants to the information neces- 
sary to understand the data printouts are also in the appendixes. The re- 
mainder of the information needed is given in reference 1. 

Hotoring tests were another method investigated, in addition to using 
energy balances, to determine mechanical losses. Each method, motoring or 
energy balance, had certain deficiencies and the difference between the two 
was large at high speed. The indicated power found from pressure-volume dia- 
grams was compared with that found by summing the brake power and mechanical 
losses. If the pressure-volume diagrams are accurate, this comparison shows 
tnat the shape of the curve based on the motoring-determined mechanical losses 
is more correct than the shape of the curve based on tne mecnanical losses 
from the energy balance. However, the overall differential between the curves 
suggests that the magnitude cf the energy- balance mechanical losses is more 
accurate. The be^t estimate of the mechanical losses for this investigation 
may be an average of the results from the motoring and energy- balance methods. 

Future test work with the GPU-3 engine will involve testing new component 
concepts. These include low-cost regenerators as well as a method to improve 
tne heat transfer between the heate*' tubes and the combustion gases. 

SUMMARY OF RESULTS 

Tne GPU-3 Stirling engine was installed on a dynamometer test bed and 
tested over its full range of engine speeds and pressures at a heater-tube gas 
tenperature of 677* C (1250* F). The mean cunpression-space pressure was 
varied from 2.6 to 6.6 megapascals (400 to 1000 psi) while engine speed was 
varied from 1500 to 3500 rpiu. Performance figures dre presented with both 
nehum and hydrogen as the working fluid. 

Hotoring tests were then run after renoving the cooler-regenerator car- 
tridges and installing a special displacer piston. The purpose of these tests 
was to aid in uetermining engine mechanical losses. Tests were run with both 
helium and hydrogen over a range of mean compression-space pressures of 1.4 to 

0.6 megapascals (200 to loOO psi) and engine speeds of 1500 to 3500 rpm. 

The major results obtained from these tests are as follows: 

1. The maximum power obtaihed with hydrogen was 6.62 kilowatts (6.14 hp) 
at 0 . 6 -megaoascal (1000-psi) mean compression-space pressure and 3500-rpm 
engine speed. The minimum brake specific fuel consumption (bsfc) was 

3ib g/kw-hr (0.52 Ib/hp-nr) at 6.6 inegapascals (1000 psi) and 1500 rpm. This 
represents a brake thermal efficiency of 26.4 percent. This efficiency is in 
the same range as that obtained by General Motors during its testing. 

2. The maximum power obtained with helium was 4.26 kilowatts (5.71 hp) at 
6 . 6 -megapascal (1000-psi) mean compression-space pressure and 2500-rpm engine 
speed. The minimum osfc was 360 g/kH-hr (0.64 Ib/hp-hr) at 6.6 megapascal 
(1000 psi) and 1500 rpm. This represents a brake thermal efficiency of 

21.3 percent. 
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3. The engine output for these high-pomer baseline tests with the dyna- 
fflooeter was tow coapared with previously reported tow-power basetine test 
resutts obtained with an atternator. This was prioarity true at high speeds. 
It is fett that this was caused by degradation of heat exchanger performance 
due to contamination by rust and oit. 

4. Engine brake thermat efficiency was higher for tests with the dyna- 
mometer than for the previous alternator testing because a noncontaminated 
preheater was installed to reduce combus:ion system losses. These lower 
losses more than offset the additional losses in the degraded heat exchangers 
of the heater head. 

5. Motoring tests were run to aid in determining mechanical losses; the 
motoring results were compared with energy-balance estimates of the mech- 
anical losses. The energy-balance results yielded a linear variation of 
mechanical losses with engine speed, but the motoring results showed a higher- 
ord<?r variation with speed. The mechanical losses were about the same at 

low speeds for each metnod but significantly different at high speeds. The 
experimertal data do not inoicate that one method is more correct than the 
other. 

6. Indicated power results were obtained as a function of mean 

compression-space pressure ana engine speed for both helium and hydrogen as 
tne working fluid. Three methods were used: pressure-volume diagrams, 

summing brake power and mechanical losses from an energy balance, and summing 
brake power and mechanical losses from motoring results. Although it is not 
possiole to conclude which is the most correct, all three give resuHs that 
are within a reasonable experimental band. 
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APPENDIX A 
SAllPLE DATA POINF 

rne detailed data taken during these tests have not been included as part 
of this report. However, computer printouts of the data are available from 
the author. A sample data point is shown here to indicate what is available. 

Host of the information necessary to understand the data printouts is 
given in reference 1. Changes to the instrumentation for these tests are 
listed in table 1. Tnese are given as measurements that were removed as well 
as those added or changed. Figure 27 shows the new preheater thermocouple 
locations. In addition, the following calculations were eliminated: PWRALT, 
alternator output power; ALTEFF, alternator efficiency; and QClin^Xt heat out 
to cooling water per cycle - total flow. The calculation of PUKOUT, engine 
output power, was changed to use the measurement of engine torque. 

Finally, the explanation of the run number for each data point is the same 
as given in reference 1 with the following exception. The heater-tube gas 
temperature for each point was 1250* F, and this is identified by a "25“ in 
the run number. 
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RUN NUNBCRl M2S>10S« ORTCC «y?0/79 REAL TINEC liClR 

U.S. CUSTONARf UNITS 


STEADY STAfC TEST DATA 


RUNT IN IMRI 

TAMB IFI 

TbOUNi IFI 

TFINN IFI 

TAINN IFI 

TAlNPH IFI 

TOILIN IFI 

TCMIN IFI 




2 72.N 

TS. 

12SS. 

62. 

at. 

72. 

120. 

66. 




TOELO in 

TOLHC IFI 

lOtaU IFI TOWFV IFI T6BUF IFI 

TBCONP IFI TCEXP IFI T60UN 1 IFI TCANOl 

IFI 



R.e 

13.6 

7 .9 

9.2 

IC9. 

Ul. 

1179. 

3«r6. 9S5. 




TCIMO? IFI 

TEIM03 IFI 

TPHOTI IFI 

TRN0T2 IFI 

TPM0T3 

IFI TPHOBl IFI TPH0B2 

IFI TPN0B3 IFI 




S02. 

6SS. 

AjS. 

390. 

920. 

266. 

276. 

267. 




TCKMOR «FI 

TCIMOS IFI 

1CAF06 IFI 

TRHIT IFI 

1RM2H IF 1 1RM3B IF I 

TRH9C IFI 

TRH5C IFI 




A2Q. 

9S2 • 

973. 

1023. 

0. 

b. 

712. 

732. 




TRH6C IFI 

TRN7C IFI 

IRNATl IFI 

IRH9NI IFI 

TRHluB IFI TCYLIT IFI 

TCVL2 IFI 

TCYL3 IFI TCTL9 

IFI 

TCTISB IFI 

66}« 

T2B. 

1029. 

731. 

2S6. 

1251. 

1165. 

1091. 769. 


566. 

TCVLaC IFI 

TCTL7C IFI 

UU«C IFI 

TICIT IFI 

TIC.B IFI IPtlOT IFI 

INT20M IFI TNT3DB IFI TNT90T 

IFI 

THT5RB IFI 

J0N6* 

1102 . 

iC73. 

799. 

S22. 

1919. 

1917. 

1967. 

0 

• 

1 369 . 

TNT6C IFI 

TMT7C IFI 

INiaC IFI THT9T IFI TNTICB IFI 

TNT HE IFI 

TN7J2R IFI 

NEANCP IPSII NF6IIBP 

IPSII 


1292. 

1322. 

107. 

1993. 

1396. 
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APPENDIX B 


WORKING FLUID SAMPLES 

At various times during the engine tests, working-fluid samples were taken 
before and after engine runs. sample bottle was evacuated, and the sample 
was then taken from the engine vent line. The samples were analyzed with a 
mass spectrometer. Typical samples for helium and hydrogen working fluids are 
given below. 

For helium working fluid the test conditions were 


Heater- tube gas temperature, ’C (*F) 677 (1250) 

Mean conq)ression-space pressure, MPa (psi) 2.8 (400) 

Engine s eed, rpm 2000 


These conditions were held for about 2 hours before the final sample was taken. 



Before run 

After run 

Working-fluid content, ppm 

H 2 

0 

0 

He 

Parent 

Parent 

CH 4 

0 

0 

N 2 

901 

968 

02 

0 

130 

Ar 

0 

24 

CO 2 

29 

90 


For hydrogen working fluid the test conditions were 


rieater-tube gas temperature, °C (’F) 677 (1250) 

Mean compression-space pressure, MPa (psi) 5.5 (800) 

Engine speed, rpm 1500 to 3500 


These samples were taken before and after obtaining the 5.5-megapascal 
(800-psi) hydrogen test Jata shown in this report. The total engine run time 
for this test was 2 hours and 50 minutes. 



Before run 

After run 

Working-fluid content, ppm 

H2 

Parent 

Parent 

He 

0 

884 

CH 4 

94 

426 

N 2 

5503 

6179 

02 

51 

50 

Ar 

0 

95 

CO 2 

0 

0 
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TABLE I. - CHANGES TO GPU-3 INSTRUMENTATION FOR OY.J\MOMETER TESTS 

[All thermocouples are Chromel-Alumel (type K). Listed ranges 
are full-scale range for p.'essure transducers and load cell 
and measurement range for thermocouples. Maximum pressures 
(items 94 and 95) are found by adding the pressure swing 
determined by the miniature transducers to the values of 
minimum pressure (items 92 and 93).] 


(a) Removed 


Mnemonic 

Parameters 

TALTH 

Alternator housi.ig temperature 

TDLWT 

Cooling-water delta temperature - total flow out to in 
Preheater inside surface temperature: 

TPHITl 

Top - 0’ 

TPHIT2 

Top - 120' 

TPH1T3 

Top - 240’ 

TPHIBl 

Bottexn - o’ 

TPHIB2 

Bottom - 120’ 

TPHIB3 

Bottom - 240’ 

AMP 

Alternator output current 

VOLT 

Alternator output voltage 

CWFLOT 

Cooling-water flow - total 

RLOAO 

Resistance load bank setting 

POCOMP 

Pressure swing (minimum to maximum) - compression space 

POBUF 

Pressure swing - buffer space 


(b) Added or changed 


Item 

Mnemonic 

Parameter 

Instrument 

Range 



Exhaust temperature 

Thermocouple 

350’-600’ F 



out of preheater: 





85 

TEXHOl 

0' 





86 

TEXH02 

60’ 





87 

TEXHOl 

120’ 





88 

TEXH04 

180’ 





89 

TEXH05 

240’ 





90 

TEXH06 

300’ 





91 

TORQUE 

Engine torque 

Load cell 

0-50 lb 






(l)-75 

Ib-ft) . 

92 

MINCP 

Minimum compression- 

Strain-gage 

0-1000 psig 



space pressure 

transducer 



93 

MINBP 

Minimum buffer-space 

Strain-gage 

0-1000 

psig 



pressure 

transducer 



94 

MAXCP 

Maximum compression- 

Miniature strain- 

0-2000 psig 



space pressure 

gage transducer 



95 

MAX BP 

Maximum buffer-space 

Miniature strain- 

0-2000 

psig 



pressure 

gage transducer 
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